Abstract Cell fate reprogramming makes possible the generation of new cell types from healthy adult cells to replace those lost or damaged in disease. Additionally, reprogramming patient cells into specific cell types allows for drug screening and the development of new therapeutic tools. Generation of new neurons is of particular interest because of the potential to treat diseases of the nervous system, such as neurodegenerative disorders and spinal cord injuries, with cell replacement therapy. Recent advances in cell fate reprogramming have led to the development of novel methods for the direct conversion of fibroblasts into neurons and neural stem cells. This review will highlight the advantages of these new methods over neuronal induction from embryonic stem cells and induced pluripotent stem cells, as well as outline the limitations and the potential for future applications.
Introduction
Early attempts to generate functional neurons required the reprogramming of embryonic stem cells (ESCs) by using media containing specific growth factors [1] [2] [3] [4] [5] . This process is time-consuming and difficult but nevertheless demonstrates the tremendous promise of cell replacement therapies using ESCs. However, considerable ethical and political controversy continues to surround ESC research, which has stymied progress in the field and led researchers to look for other ways to approach the needs of generating new neurons [6, 7] .
A major breakthrough in the field came in 2006 when the Yamanaka lab generated induced pluripotent stem cells (iPSCs) from mouse and human fibroblasts by using a cocktail of transcription factors, consisting of Oct3/4, Sox2, Klf4, and c-Myc, termed OSKM [8, 9] . These iPSCs can be induced to differentiate into any cell type. Several groups have used various methods to promote the conversion of fibroblasts harvested from patients with various neurological disorders into iPSCs and subsequently functional neurons [10] [11] [12] [13] . Since the first generation of iPSCs, somatic cell fate reprogramming has emerged as a field with growing potential, both in basic research and clinical work. However, these efforts are often limited by the low efficiency of iPSC conversion, as well as the risk of tumorigenesis, which is inherent when working with oncogenes and rapidly proliferating multipotent or pluripotent cells.
Recent work emerging in stem cell research offers a method that may avoid many of the ethical and clinical issues that have hindered previous techniques. Direct somatic cell fate reprogramming, sometimes referred to as induced transdifferentiation, involves the direct conversion from one differentiated cell type to another distinct cell type without a reversion to iPSCs or use of oncogenes. In the last few years, this novel technique has been shown to be a rapid and efficient method of generating functional induced neurons (termed iNs) and induced neural stem cells (iNSCs). These recent studies suggest the potential power of this technique to directly and efficiently convert fully differentiated cells into mature iNs while avoiding oncogene use, tumorigenic pluripotent or multipotent stem cell stages, and ethical quandaries due to the origin of the tissue.
Starting Cell Types for Generating Neurons
Thus far, fibroblasts have been the starting point of choice for cell fate reprogramming to generate neurons, but the selection is not limited to fibroblasts. Several other cell types, including somatic cells such as hepatocytes as well as germ cells, have been successfully reprogrammed into functional iNs, demonstrating that interlineage transdifferentiation is possible [14, 15] . Nevertheless, fibroblasts remain the preferred cell type due to their relative availability. Fibroblasts can easily be obtained from patients through minimally invasive methods, making the generation of patient-specific cells relatively simple.
A second important factor that must be considered in cell fate reprogramming is the origin of the cell lineages. Fibroblasts differentiate from mesenchymal progenitor cells, some of which are derived from neural crest lineages. Neural crest cells originate in the ectoderm on the dorsal tip of the early embryonic neural tube. From there, they progress through an epithelial-mesenchymal transition and pervasive migration, ultimately differentiating into an array of tissues throughout the body. Consequently, fibroblasts share a neuro-ectodermal lineage with neuronal cells, unlike, for example, hepatocytes, which are derived from the endoderm. Moreover, fibroblast cultures are likely heterogeneous in cell types and often contain neural crest-derived stem cells [16] . These cultures may contain multipotent stem cells with the capacity to differentiate into neurons, due in part to their shared lineage. Therefore, easy access and lineage features make fibroblasts the favorite cell type for reprogramming to neurons.
Basic Mechanism of iPSC Generation
The function of the original OSKM transcription factor cocktail has been extensively studied to better understand how these factors are able to induce self-renewal and pluripotency in terminally differentiated cells (Fig. 1) .
Oct3/4, also called Pou5f1, regulates the self-renewal capacity of undifferentiated ESCs. This tightly regulated transcription factor may also play a similar role in blocking differentiation in adult stem cells, although this remains an area of debate [17] [18] [19] [20] [21] [22] . Like Oct3/4, Sox2 is a regulator of self-renewal in stem cells [23] [24] [25] [26] . Sox2 together with Oct4 promote pluripotency by driving expression of the transcription factor nanog, which regulates the self-renewal properties of ESCs [27, 28] . Klf4 is a positive regulator of cell proliferation and survival. Highly expressed in ESCs, Klf4 also acts as a tumor suppressor [29] [30] [31] [32] [33] . The oncogenic transcription factor c-Myc, a downstream target of the MAPK/ERK signaling pathway, functions as an activator of cell proliferation and a repressor of differentiation [34] [35] [36] [37] . Although more detailed biochemical work is necessary to address the molecular mechanisms of reprogramming by these four transcription factors, it appears that the conjugate action of OSKM is sufficient for converting fibroblasts into iPSCs (Fig. 1 ).
Advantages and Limitations of iPSCs
iPSCs offer several advantages over ESCs. First, use of iPSCs avoids the controversy that has surrounded ESC research because it does not require the destruction of an early stage embryo. Second, iPSCs can be derived from an individual patient's fibroblasts and thus exhibit the unique genetic identity of that patient. This is important from a research perspective because human iPSCs allow for the study of specific genetic abnormalities that can lead to neurological diseases, rather than attempting to replicate and study disease progression in animal models [12, 13, 38, 39] . For example, several groups have identified the cellular phenotypes of the rare neurodevelopmental disorder, Rett syndrome, through study of neurons derived from iPSCs isolated from patients with Rett syndrome [39, 40] . The disease has previously been shown to result from loss of function mutations in the gene that encodes methyl-CpGbinding protein 2. Marchetto et al. [39] described the morphological characteristics of these diseased neurons, such as a reduction in dendritic density and soma size and defects in synapse formation in neurons derived from patient iPSCs. They also observed that synaptic defects could be partially rescued with treatments of IGF-1 [39] . This provides direct evidence that has previously only been observed in neurons of mouse models but not from humans. Furthermore, iPSCderived neurons also have the potential to replace neurons that are lost or damaged in disorders of the nervous system. For example, motor and dopaminergic neurons have been derived from the iPSCs of patients with amyotrophic lateral sclerosis (ALS) and Parkinson's disease (PD), respectively [10, 41] . Dimos et al. [10] found that iPSCs generated from ALS patients appear similar to ESCs in gene expression and in self-renewal and pluripotent capacity [10] . Devine et al. [41] found that dopamine neurons differentiated from the PD patient-derived iPSCs express twice the α-synuclein protein as neurons from healthy individuals, making it an ideal system for studying the development of PD at the cellular level as well as drug screening [41] . The neurons derived from diseased patients are similar to iPSC-derived neurons from healthy individuals. However, whether the iPSC-derived neurons retain epigenetic memory from the diseased donor tissue remains to be determined before they can be considered suitable for transplantation in patients.
While these results are promising, there are still many limitations of this technique that make it difficult to translate into clinical application. Abnormalities, at the genetic and epigenetic level, that arise in iPSCs are a major hurdle that must be overcome before iPSC-derived neurons can be widely used in a clinical setting. These aberrations include genetic damage, such as copy number variations, abnormal karyotypes, including chromosomal translocations and duplications, and point mutations, which accumulate in cultured iPSCs [42, 43] . Presence of epigenetic factors that may contribute to disease susceptibility and progression in patient-derived iPSCs is another area of concern. For example, iPSCs may carry epigenetic memory from their starting tissue. Epigenetic errors that have been observed in iPSCs include aberrant histone modifications and DNA methylation defects. Recent studies that analyze extensive genomewide genetic and epigenetic profiling across iPSC cell lines aim to better elucidate the changes at the genome level, which occur in dedifferentiated cells [44, 45] .
Furthermore, the use of the oncogene c-Myc in the OSKM cocktail, while helping to induce stem cell qualities from fibroblasts, increases the risk of tumor formation, thus limiting the potential for clinical use of iPSC-derived neurons. Researchers have attempted to address this problem by using growth factors or chemical cocktails to guide redifferentiation. Numerous molecules have been shown to enhance fibroblast dedifferentiation and replace the oncogenic components of the reprogramming cocktail [46] [47] [48] [49] [50] . These include growth factors, such as fibroblast growth factors, the cytokine leukemia inhibitory factor and cell signaling molecules such as Wnts [48, [51] [52] [53] . Chemicals, such as histone deacetylase (HDAC) inhibitors and DNA methyltransferase inhibitors, have also been used by several groups to enhance fibroblast reprogramming [54, 55] . The promising technological development of such chemicals provides great hope that patient-specific iNs can be generated and implanted without the risk of patients developing tumors due to oncogenes used during reprogramming.
Basic Mechanisms of Direct Fibroblast to Neuron Conversion
The next step forward in iN generation is direct generation of neurons from fibroblasts. This process involves inducing increased expression levels of particular reprogramming factors in fibroblasts, thereby mediating a cell fate conversion process that entirely avoids the iPS cell phase. Successful attempts have induced transdifferentiation with neurogenic transcription factors such as Brn2, in combination with microRNAs, and chemicals, including HDAC inhibitors, all of which mediate and enhance the reprogramming process (Fig. 2) .
Neurogenic Transcription Factors
In the last few years, several groups have generated iNs from fibroblasts using combinations of neurogenic factors (Fig. 2) . Although the mechanism by which these factors promote induced transdifferentiation is poorly understood, it appears that the transcription factors are capable of reprogramming embryonic and adult fibroblasts to stable, functioning iNs. Several groups independently used neurogenic cocktails containing combinations of Brn2/Pou3f2, Ascl1/ MASH1, and Myt1l (called the BAM cocktail) in addition to other neurogenic factors to directly convert fibroblasts to iNs [56] [57] [58] [59] [60] [61] .
Brn2 is expressed specifically in the neuroectodermal cell lineage [62] [63] [64] . Ascl1/Mash1 is important for certain neural lineages, for example, autonomic neuronal precursors, during early development [65, 66] . Myt1l appears to play a role in neuronal development and differentiation [62-64, 67, 68] . This BAM cocktail was initially considered to be the minimum components required to generate functional iNs. More recent evidence suggests that some of these factors are dispensable and that the reprogramming process can be enhanced and the efficiency improved by other factors, such as neurogenic differentiation 1/2 (NeuroD1/2) [57] . Pang et al. [57] found that the addition of NeuroD1 to the cocktail, termed BAMN, can induce reprogramming of both fetal and postnatal human fibroblasts to neurons (hiNs) with similar efficiencies of 2-4 %. Using the BAM cocktail, Pfisterer et al. [58] demonstrated a successful reprogramming of embryonic and adult human fibroblasts to hiNs with efficiencies of 16 and 4 %, respectively. They observed that the successful conversion of human fetal fibroblasts to immature hiNs required 20 days of transgene expression.
Dopaminergic Factors
Several groups have directly reprogrammed fibroblasts to induced dopamine neurons (iDA) by overexpressing dopamine neuron lineage-specific factors that act during brain development, including genes involved in midbrain dopamine neuron development. Pfisterer et al. [61] found that two such genes, Lmx1a and FoxA2, optimize generation of human iDAs when added to the BAM cocktail (Fig. 2) . These iDAs express genes characteristic of normal midbrain DAs. With the use of doxycycline-inducible lentiviral vectors, Caiazzo et al. [69] overexpressed varying combinations of 11 dopamine neuron-inducing factors in mouse embryonic fibroblasts (MEFs) from TH-GFP transgenic mice. The authors found that the combination of Mash1/Nurr1 (Nr4a2)/Lmx1a induces the highest efficiency of reprogrammed (GFP-positive) cells at 18 %. The majority (85 %) of the induced cells are double-positive for the neuronal marker, Tuj1 and tyrosine hydrolase (TH), a dopamine cell marker [69] . Expression of the reprogramming factors is only necessary for 6 days for successful conversion. This group also demonstrated that the same combination of factors can efficiently reprogram human embryonic fibroblasts (HEFs) to Tuj1 + /TH + neuronal cells. Additionally, the cocktail is successfully used to convert the fibroblasts of Parkinson's disease patients and healthy adult donors to iNs and iDAs [69] . The resulting reprogrammed cells express multiple midbrain DA markers and are functional through electrophysiological analyses.
Motor Neuron-Specific Factors
Using a cocktail of BAM and different combinations of seven known motor neuron-specific factors, Son et al. [59] determined the most effective combinations (Lhx3, Hb9, Isl1, Ngn2 and Lhx3, Hb9, Isl1, Ngn2, NeuroD1) to efficiently convert embryonic fibroblasts to functional induced motor neurons (iMNs) (Fig. 2) . This combination of factors yields a conversion efficiency of 5-10 % functional mouse iMNs. The cocktail was also applied, with the addition of NeuroD1, to HEFs, inducing the generation of functional cholinergic iMNs in under 2 weeks.
MicroRNAs
Several microRNAs (miRNAs) have been shown to be required for rapid cell proliferation and cell-cycle progression in embryonic and neural stem cells, including the miR-290-295 cluster in mice, the miR-371-373 cluster in humans, and miR-302/367, miR-9/9*, and miR-124 in both species [70] [71] [72] [73] [74] [75] [76] . Yoo et al. [60] demonstrated that the miRNAs miR-9/9* and miR-124 are critical in the regulation of neuronal differentiation. The forced expression of miR-9/9* and miR-124, along with Ascl1, Myt1l, and NeuroD2 can efficiently reprogram human fibroblasts to iNs (Fig. 2) . The efficiency of the conversion is significantly increased by the addition of the neurogenic transcription factor NeuroD2, at 10 % compared to~5 % in the absence of NeuroD2. Interestingly, they also found that the transcription factor ASCL1/MASH1 is not necessary for the induced transdifferentiation of fibroblasts to iNs [60] . miR-124 and miR-9/ 9* appear to mediate neuronal differentiation synergistically. In fact, these miRNAs promote neuronal differentiation and are highly expressed in postmitotic neurons [72, 77, 78] . The addition of these miRNAs to the reprogramming cocktail induces spontaneous synaptic activity in iNs [60] . Ambasudhan et al. [56] found that a combination of miR-124 and two neurogenic transcription factors Brn2 and Myt1l can directly reprogram both postnatal and adult human fibroblasts to functional iNs with comparable conversion efficiencies. These iNs exhibit normal neuronal morphology, gene expression, spontaneous action potential firing, and functional synapse formation. Interestingly, this cocktail primarily generates GABAergic and glutamatergic iNs while yielding few dopamine or serotonin iNs.
Characterization of iNs
An essential question is whether iNs converted directly from fibroblasts are really functional neurons. Thus, characterization of iNs is critical for attempts to apply these cells clinically. Morphologically, iNs are observed for the characteristics of normal neuronal morphology such as axonal and dendritic projections. Genetically, iNs are determined if they exhibit gene expression normally observed in a mature neuron. iNs should express Tuj1 and NeuN, as well as genes specific to a particular neuronal subtype while also demonstrating the loss of genes specific to the original cell type. Caiazzo et al. [69] found that reprogramming with their dopamine-specific neurogenic gene cocktail largely eliminates the expression of genes characteristic of fibroblasts as well as other closely related neuronal subtypes, such as serotonergic and adrenergic genes.
Functionally, iNs are analyzed by the capacity for synaptic transmission as well as electrophysiological properties. Potential for synaptic transmission is determined by both visualizing the expression of proteins such as synapsin and synaptotagmin, in addition to synaptic vesicle fusion and release of neurotransmitters [79, 80] . Electrophysiological analysis determines if the iNs are capable of spontaneous action potential firing, necessary for functional characterization of mature iNs. BAMN-directed iNs generate spontaneous action potentials and are capable of forming synapses [57] . Caiazzo et al. [69] observed neuronal electrophysiological properties and dopamine uptake in iDAs. Son et al. [59] found that iMNs also exhibit neuronal electrophysiological and synaptic properties. Moreover, these iMNs are successfully grafted in vivo, with results similar to those seen using embryo-derived motor neurons.
Another important consideration in cell fate reprogramming is the stability of induction. Stably induced neurons should exhibit the functional neuronal characteristics described above in the absence of the initial inducing factors. Caiazzo et al. [69] found that the number of functional iDAs remains unchanged up to 24 days after doxycycline withdrawal and deactivation of the reprogramming factor cocktail. Likewise, Yoo et al. [60] observed stable neuronal identity 3 weeks after removal of the reprogramming cocktail. These results suggest that once fibroblasts are reprogrammed into iNs, these iNs maintain neuronal properties even after withdrawal of inducing factors. However, further analysis is required to ensure that expression of the reprogramming factors is in fact eliminated after doxycycline withdrawal, as residual expression is sometimes observed in this system.
Direct Generation of Induced Neural Stem Cells from Fibroblasts
One method of generating neuronal cells from fibroblasts without the use of iPSCs is to first generate neural stem cells (NSCs), which can give rise to neurons, astrocytes, or oligodendrocytes. Recently, several groups directly converted fibroblasts into induced NSCs (iNSCs), effectively bypassing the pluripotent stage [81] (Fig. 3) . Thier et al. [82] used a reprogramming cocktail similar to OSKM but with restricted expression of Oct4. By infecting MEFs with a retrovirus constitutively expressing SKM and a doxycycline-inducible lentiviral vector expressing Oct4 only for up to 5 days, they observed neurosphere-like colonies 11 days after infection. Neurosphere-like colonies with what appear to be axonal processes were observed in the iNSCs cultures 25 days after infection. After 31 passages, the iNSCs showed expression of neural stem cell and neuronal precursor-specific markers Nestin and Pax6. Most of the iNSC-derived neurons are GABAergic [82] . Han et al. [83] used two reprogramming cocktails containing Brn4/Pou3f4, Sox2, Klf4, c-Myc (referred to as four factors or 4 F) with one also including the transcription factor E47/Tcf3 (5 F). The iNSC cultures can be stably maintained for more than 130 passages. After 4-5 weeks of expression of the reprogramming factors, iNSC clusters that express NSC-specific markers, such as Olig2 and SSEA1, were observed. The reprogramming cocktail lacking E47 expression yielded similar results but with a lower efficiency. Most of the iNSCs neurons are GABAergic or glutamatergic with a small percentage of cholinergic neurons. Interestingly, some of the 5 F iNSC-derived neurons also express TH [83] . In both studies, the iNSCs express synaptic proteins and appear to be capable of forming synapses.
Both groups used a combination of reprogramming factors and neural-specific transcription factors to generate iNSC lines that are similar in morphology and gene expression profiles to control NSC lines. The iNSCs can differentiate into neurons and glia with efficiencies similar to control NSC lines, indicating the multipotency of the iNSCs. The iNSC-derived neurons are functional as demonstrated by electrophysiology analysis. Finally, Thier et al. [82] and Han et al. [83] tested the ability of iNSCs to integrate and differentiate in vivo by transplanting them into the neonatal rat brain and the subventricular zone of the adult mouse brain, respectively. Both groups observed that grafted iNSCs are able to survive and differentiate in vivo [82, 83] .
Although this method is promising, it does have several limitations. First, the expression profile of the iNSC-derived neural cells suggests that they might retain some epigenetic memory from the donor tissue. However, some reprogramming does occur at the epigenetic level, as evidenced by the similarities in methylation of Nestin in control and iNSCderived neurons, when compared to fibroblasts. Second, Han et al. [83] observed expression of the transgenes Sox2, Klf4, and Brn2 in the 5 F-derived population. Finally, the efficiency in differentiation of oligodendrocytes appears to be low. This is also observed in neural progenitor induction from fibroblasts temporally treated with the OSKM cocktail and subsequently with neural reprogramming medium [84] .
Advantages of Direct Neuronal Induction
iPSCs are a great leap forward, giving us the theoretical ability to generate patient-specific cells for developing tools for clinical treatment, for instance generating genetically matched dopamine neurons from patients with Parkinson's disease [41] . The process, however, has not been particularly conducive to the clinic. The low efficiency of iPSC generation has limited the clinical application of iPSCs. In many cases, the reprogramming efficiencies have been as low as 0.1 %. The recent emerging methods for direct conversion of fibroblasts to iNs have yielded far higher efficiencies using mouse (2-18 %) and human (2-10 %) fibroblasts (Table 1) . Induced transdifferentiation is also a more rapid process than differentiation from stem cells, taking as little as 6-8 days to generate mature iNs from fibroblasts compared to 2-6 weeks required by stem cell reprogramming. Additionally, noncoding RNAs and small molecules can enhance the reprogramming process and improve efficiency. A distinct advantage of direct neuronal induction is avoiding the potential for tumor growth inherent in generating neurons, or indeed any other cell, from iPSCs. Induced multipotent and pluripotent cells can form after transplantation and retroviral vector-mediated transgene delivery used in the iPSCs conversion studies can integrate into the host genome and activate oncogenes [85] . The original cocktail of transcription factors used to differentiate iPSCs contains the oncogene c-Myc, which can promote tumorigenesis [86] [87] [88] [89] . Takahashi et al. [9] found that in mouse iPS clones, approximately 20 % of the mice derived from iPSCs develop tumors. Direct cell fate reprogramming bypasses the tumorigenic pluripotent stem cell stage and avoids the use of c-Myc, thus greatly reducing the risk of tumor formation after transplantation. Moreover, the issue of retroviral integration presents a different hurdle. However, emerging nonviral methods of transgene delivery may help to eliminate this particular obstacle.
Limitations and Disadvantages
Low efficiency is not uncommon in cell fate reprogramming, and the efficiency of direct reprogramming of fibroblasts to iNs is much higher than admittedly low efficiencies observed in generation of neurons from iPSCs. However, Yoo et al. [60] observed that this efficiency gain is slightly less in generation of iNs from adult human fibroblasts. Maturation of the iNs is also delayed in these cells. In general, conversion of human fibroblasts to hiNs was less efficient than mouse fibroblast conversion.
In several important characteristics, iNs more closely resemble neurons than fibroblasts. Specifically, in genetic profiling, they express crucial neuronal factors and signaling molecules, synaptic proteins, neurotransmitter synthesis proteins, and receptors, as well as axonal guidance molecules. However, the question still remains of whether iNs are truly functional neurons applicable in a clinical setting. Expression of fibroblast-specific genes is reduced but is still detected in iN cell populations [11, 69] . The extent and effect of the expression of these uncharacteristic genes in iNs has yet to be evaluated. Similarly, it is still unknown whether iNs are abnormal in their expression of other key neuronal genes and whether they will perform as expected in the host tissue.
The retroviral delivery of neurogenic transcription factors can cause potentially damaging integration into the host genome. In fact, iPS clones contain multiple retroviral integrations for each factor used. Moreover, a recent study showed that a significant number of mutations in the genome can be induced during cell reprogramming. Genes that function in the regulation of cell cycling and growth are often sites of retroviral integration. This propensity for integration makes certain retroviral vectors particularly genotoxic. Lentiviral vectors, such as those used by Caiazzo et al. [69] to generate iDAs, are less likely than other retroviral vectors to integrate into the host genome in proto-oncogenes or other cancer-associated hot spots, but the risk remains [85, 90] . Recently, a highly efficient, nonviral system of transgene delivery called ePiggyBac has been shown to successfully differentiate human ESCs into neuronal precursors and neurons [91] . This system is more efficient than retroviral-mediated differentiation as well as previous ePiggyBac transgenes. The method is also reversible, allowing for removal of the ePiggyBac transgenes without mutations in the human genome. Another advantage of the ePiggyBac system is its ability to integrate large inserts into the genome. Nonviral transgene delivery systems like ePiggyBac eliminate the risk for genotoxicity that results from use of retroviral vectors. This system has the potential to mediate safer and more efficient direct transdifferentiation of fibroblasts into induced neurons and neural stem cells. BAM (Brn2, Ascl1, Myt1l) a Efficiency represents percentage of neural cells that were generated from fibroblast-derived iNSC and iNPCs
Perspectives
One promising approach for the next wave of technology is synthetic messenger RNAs. Synthetic mRNAs offer the possibility to reprogram cells without the risk of genomic integration present with the use of retroviral vectors. Warren et al. [92] described a method of highly efficient cell fate reprogramming by administering synthetic mRNA to several somatic cell types, including embryonic and adult fibroblasts. They are able to reprogram these somatic cells to pluripotent cells at efficiencies greater than 2 % [92] . The use of synthetic mRNA to mediate reprogramming is an exciting and promising prospect. The addition or replacement of individual transcription factors with small molecules, such as the HDAC inhibitor valproic acid, in a reprogramming cocktail has been shown to improve efficiency [46] [47] [48] [49] 54] . Notably, valproic acid, when administered with the miR-302/367 cluster, is required for the reprogramming of mouse cells. AnokyeDanso et al. [70] demonstrated that expression of the miR302/367 cluster with the addition of valproic acidmediated suppression of HDAC2 is sufficient to promote efficient fibroblast dedifferentiation. The application of small molecules like valproic acid to induce the transdifferentiation of fibroblasts to iNs can enhance the conversion process and increase efficiency.
Novel methods for cell fate reprogramming such as synthetic mRNAs, small molecules, and a nonintegrating transgene delivery system, all of which eliminate the risk of genomic integration, should be further developed for use in a clinical setting. The implications of these novel technologies offer considerable promise for the future of cell replacement therapies to treat neurological disorders.
